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Top-quark Yukawa coupling

• Top quark is special: its Yukawa coupling is of natural scale, yt ∼ 1
◦ An indication of a special role in EWSB?

• Can be probed in H production via gluon fusion
or H → γγ decays thanks to top-quark loops
◦ BSM particles can contribute to the loops

• Direct access to |yt | is provided in tt̄H production
◦ But a challenging process: σtt̄H ≈ 130 fb at 8 TeV,

σtt̄H/σtt̄ ∼ 10−3
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Search for tt̄H , H → bb̄

NN output
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• Search[1] by CDF:
◦ NN analysis in tt̄ → `+ jets channel
◦ Obs. (exp.) upper limit:

σ/σSM
tt̄H < 20.5 (12.6)

• ATLAS search[2] with MEM and NN
◦ tt̄ → `+ jets or ``+ jets
◦ NNs trained in signal-enriched bins
◦ In addition, classification tt̄H vs tt̄bb̄ with MEM
• MEM decisions are fed into the NNs

◦ Simultaneous fit of multiple jet-tag bins
• NN responses in signal-enriched bins

• H jet
T or Hall

T in signal-depleted bins

◦ Results:
• Signal strength µ = σ/σSM

tt̄H
= 1.5± 1.1

• Obs. (exp.) limit: µ < 3.4 (2.2)

[1] Phys. Rev. Lett. 109 (2012) 181802

[2] arXiv:1503.05066, submitted to Eur. Phys. J. C

https://inspirehep.net/record/1127334
http://inspirehep.net/record/1353124


Search for tt̄H , H → bb̄

NN output
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E
v
e
n

ts
/0

.1
 U

n
it

s

0

2

4

6

8

10

Data

+jetstt

b+btt
Other

 10×H tt

 6 jets≥

 3 b tags≥

∫
Ldt = 9.5 fb−1

4 j, 2 b 4 j, 3 b  4 b≥4 j, 5 j, 2 b 5 j, 3 b  4 b≥5 j,  6 j, 2 b≥  6 j, 3 b≥  4 b≥ 6 j, ≥

E
ve

nt
s

10

210

310

410

510

610
Data H (125)tt

+Vtt +lighttt
tnon-t c+ctt

Total unc. b+btt
H (125)tt

  ATLAS
-1 = 8 TeV,  20.3 fbs 

Post-fit

Single lepton

4 j, 2 b
5 j, 2 b

 6 j, 2 b
≥ 4 j, 3 b

5 j, 3 b
 6 j, 3 b

≥
 4 b≥4 j,  4 b≥5 j,  4 b≥ 6 j, ≥

  D
at

a 
/ P

re
d 

0.5

0.75
1

1.25

1.5     

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ 0
.1

0

20

40

60

80

100

120 Data
H (125)tt
+lighttt

c+ctt
b+btt

+Vtt
tnon-t

Total unc.
H (125) norm.tt

  ATLAS
-1 = 8 TeV, 20.3 fbs

 4 b≥ 6 j, ≥
Single lepton

Post-fit

NN output
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1  D

at
a 

/ P
re

d 
0.5

0.75
1

1.25
1.5   0

=125 GeV
H

 for m
SM

σ/σ=µBest fit 

0 2 4 6 8 10

Combination

Lepton+jets

Dilepton

1.5  1.1± ( 0.7 )

1.2  1.3± ( 0.8 )

2.8  2.0± ( 1.4 )

 ( tot ) ( stat )

tot.

stat.

ATLAS

)bb→H (Htt

1=8 TeV, 20.3 fbs

CDF

4 / 24

• Search[1] by CDF:
◦ NN analysis in tt̄ → `+ jets channel
◦ Obs. (exp.) upper limit:

σ/σSM
tt̄H < 20.5 (12.6)

• ATLAS search[2] with MEM and NN
◦ tt̄ → `+ jets or ``+ jets
◦ NNs trained in signal-enriched bins
◦ In addition, classification tt̄H vs tt̄bb̄ with MEM
• MEM decisions are fed into the NNs

◦ Simultaneous fit of multiple jet-tag bins
• NN responses in signal-enriched bins

• H jet
T or Hall

T in signal-depleted bins

◦ Results:
• Signal strength µ = σ/σSM

tt̄H
= 1.5± 1.1

• Obs. (exp.) limit: µ < 3.4 (2.2)

[1] Phys. Rev. Lett. 109 (2012) 181802

[2] arXiv:1503.05066, submitted to Eur. Phys. J. C

https://inspirehep.net/record/1127334
http://inspirehep.net/record/1353124


Search for tt̄H , H → bb̄

NN output
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E
v
e
n

ts
/0

.1
 U

n
it

s

0

2

4

6

8

10

Data

+jetstt

b+btt
Other

 10×H tt

 6 jets≥

 3 b tags≥

∫
Ldt = 9.5 fb−1

4 j, 2 b 4 j, 3 b  4 b≥4 j, 5 j, 2 b 5 j, 3 b  4 b≥5 j,  6 j, 2 b≥  6 j, 3 b≥  4 b≥ 6 j, ≥

E
ve

nt
s

10

210

310

410

510

610
Data H (125)tt

+Vtt +lighttt
tnon-t c+ctt

Total unc. b+btt
H (125)tt

  ATLAS
-1 = 8 TeV,  20.3 fbs 

Post-fit

Single lepton

4 j, 2 b
5 j, 2 b

 6 j, 2 b
≥ 4 j, 3 b

5 j, 3 b
 6 j, 3 b

≥
 4 b≥4 j,  4 b≥5 j,  4 b≥ 6 j, ≥

  D
at

a 
/ P

re
d 

0.5

0.75
1

1.25

1.5     

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ 0
.1

0

20

40

60

80

100

120 Data
H (125)tt
+lighttt

c+ctt
b+btt

+Vtt
tnon-t

Total unc.
H (125) norm.tt

  ATLAS
-1 = 8 TeV, 20.3 fbs

 4 b≥ 6 j, ≥
Single lepton

Post-fit

NN output
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1  D

at
a 

/ P
re

d 

0.5
0.75

1
1.25
1.5   0

=125 GeV
H

 for m
SM

σ/σ=µBest fit 

0 2 4 6 8 10

Combination

Lepton+jets

Dilepton

1.5  1.1± ( 0.7 )

1.2  1.3± ( 0.8 )

2.8  2.0± ( 1.4 )

 ( tot ) ( stat )

tot.

stat.

ATLAS

)bb→H (Htt

1=8 TeV, 20.3 fbs

CDF

4 / 24

• Search[1] by CDF:
◦ NN analysis in tt̄ → `+ jets channel
◦ Obs. (exp.) upper limit:

σ/σSM
tt̄H < 20.5 (12.6)

• ATLAS search[2] with MEM and NN
◦ tt̄ → `+ jets or ``+ jets
◦ NNs trained in signal-enriched bins
◦ In addition, classification tt̄H vs tt̄bb̄ with MEM
• MEM decisions are fed into the NNs

◦ Simultaneous fit of multiple jet-tag bins
• NN responses in signal-enriched bins

• H jet
T or Hall

T in signal-depleted bins

◦ Results:
• Signal strength µ = σ/σSM

tt̄H
= 1.5± 1.1

• Obs. (exp.) limit: µ < 3.4 (2.2)

[1] Phys. Rev. Lett. 109 (2012) 181802

[2] arXiv:1503.05066, submitted to Eur. Phys. J. C

https://inspirehep.net/record/1127334
http://inspirehep.net/record/1353124


Search for tt̄H , H → bb̄
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• Two searches by CMS in H → bb̄
◦ Both utilise tt̄ → `(`) + jets decays
◦ Historically first analysis[1] exploits BDT
• Additional BDT in some `+ jets categories

to discriminate tt̄H vs tt̄bb̄
• It is fed as an input to the final BDT
• Results: µ = 0.7± 1.9

◦ Second search[2] utilises MEM
• Advanced b-tag selection using likelihood classifier
• Discrimination tt̄H vs tt̄bb̄ with MEM
• 2D fit to the two discriminators
• Results: µ = 1.2+1.6

−1.5

[1] JHEP09 (2014) 087

[2] arXiv:1502.02485, submitted to Eur. Phys. J. C

http://inspirehep.net/record/1310104
http://inspirehep.net/record/1343506
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Search for tt̄H , H → γγ
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• Profit from high purity of the H → γγ channel

• Similar approaches by CMS[1] and ATLAS[2]

◦ All decays of tt̄ system considered
◦ Amount of signal and non-resonant bkg

estimated from a fit to mγγ

◦ Results (7+8 TeV):
CMS: µ = 2.7+2.6

−1.8, ATLAS: µ = 1.3+2.6
−1.7

[1] JHEP09 (2014) 087

[2] Phys. Lett. B740 (2015) 222

http://inspirehep.net/record/1310104
http://inspirehep.net/record/1315819


Search for tt̄H in multilepton channel
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Comb. with bb̄ and γγ:

µ = 2.8+1.0
−0.9

• Targets H →WW ∗, ZZ∗, and ττ decays

• ATLAS search[1]:
◦ Signatures: `±`±, 3`, `±`±τh, 4`, `τ+

h τ
−
h

◦ Counting experiment
◦ Combined result: µ = 2.1+1.4

−1.2

• CMS analysis[2]:
◦ `±`±, 3`, 4`, `τ+

h τ
−
h channels

◦ Signal extracted with a fit to # jets in 4` and
to BDT response elsewhere

◦ Results in individual channels:

[1] CONF-2015-006

[2] JHEP09 (2014) 087

http://inspirehep.net/record/1353456
http://inspirehep.net/record/1310104
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http://inspirehep.net/record/1310104
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• Can access sign of yt (defined w. r. t. HWW coupling)
◦ Via interference in H → γγ loop

• Byt=−1
H→γγ = 2.4× BSM

H→γγ
◦ At tree level in tHq production
• yt = −1 leads to ×13 increase in σ

• CMS searched[1] for tHq with yt = −1
◦ Upper limits (×σyt=−1

tHq ):

H decay γγ bb̄ WW /τ`τ`

Observed 4.1 7.6 6.7

Expected 4.1 5.2 5.0

• ATLAS included tH in tt̄H(γγ) search[2]

◦ Derived constraints on κt = yt/y
SM
t

◦ Driven in part by B(H → γγ)

[1] CMS PAS HIG-14-001, HIG-14-015, HIG-14-026

[2] Phys. Lett. B740 (2015) 222

http://inspirehep.net/record/1286494
http://inspirehep.net/record/1320669
http://inspirehep.net/record/1347303
http://inspirehep.net/record/1315819
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ATLAS and CMS combinations

• Signal strengths from global ATLAS[1] and CMS[2] fits

0.5− 0 0.5 1 1.5 2 2.5 3

μttH = 1.81 ± 0.80

μVH = 0.80 ± 0.36

μVBF = 1.23 ± 0.32

μggF = 1.23
+0.23
−0.20

Parameter value

ATLAS Preliminary
√s = 7 TeV, 4.5 − 4.7 fb

−1 √s = 8 TeV, 20 .3 fb
−1
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68% CL:
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0 1 2 3 4 5 6

- 0.94
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VH
µ
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VBF
µ

- 0.16
+0.19 = 0.85

ggH
µ

68% CL

95% CL
CMS

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL

95% CL
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[1] CONF-2015-007

[2] arXiv:1412.8662, submitted to Eur. Phys. J. C

https://inspirehep.net/record/1353457
https://inspirehep.net/record/1335811
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Flavour-changing neutral currents

• Top quark is special: it is the heaviest known particle
◦ Can be sensitive to BSM interactions

• FCNC are highly suppressed in SM but can be enhanced in a number of
BSM theories:

Br(t → qZ) ≃ 2 × 10−6

Br(t → qγ) ≃ 2 × 10−6 Br(t → qg) ≃ 10−4

t → qH Br(t → qH) ∼ 10−5

R

Br(t → qZ) ≃ 3×10−5 Br(t → qγ) ≃ 1×10−6

Br(t → qg) ≃ 2 × 10−4 Br(t → qH) ∼ 10−6

Λ = 1

Z H

t → qγ t → qg

R̸

t → uZ 8 × 10−17 1.1 × 10−4 − − 2 × 10−6 3 × 10−5

t → uγ 3.7 × 10−16 7.5 × 10−9 − − 2 × 10−6 1 × 10−6

t → ug 3.7 × 10−14 1.5 × 10−7 − − 8 × 10−5 2 × 10−4

t → uH 2 × 10−17 4.1 × 10−5 5.5 × 10−6 − 10−5 ∼ 10−6

t → cZ 1 × 10−14 1.1 × 10−4 ∼ 10−7 ∼ 10−10 2 × 10−6 3 × 10−5

t → cγ 4.6 × 10−14 7.5 × 10−9 ∼ 10−6 ∼ 10−9 2 × 10−6 1 × 10−6

t → cg 4.6 × 10−12 1.5 × 10−7 ∼ 10−4 ∼ 10−8 8 × 10−5 2 × 10−4

t → cH 3 × 10−15 4.1 × 10−5 1.5 × 10−3 ∼ 10−5 10−5 ∼ 10−6

Q = 2/3

R

t → qZ t → qγ

Aguilar-Saavedra, Acta Phys. Polon. B35 (2004) 2695

B
ra

n
ch

in
g

ra
ti

o
s

• All these vertices were probed at Tevatron and LHC, collectively
◦ Because of the large number of searches, only those with most stringent

limits are discussed in detail

11 / 24

https://inspirehep.net/record/660681


FCNC tZq

 (GeV)Zjm
100 200 300

E
ve

nt
s 

/ 2
0 

(G
eV

)

0

2

4

6

8

10 Data

Zq (B=0.1%)→t

tt

ZtW, ttt

tbZ

WW, WZ, ZZ

 = 8 TeVsCMS, 
-1 = 19.7 fbintL

 (GeV)Wbm
100 200 300

E
ve

nt
s 

/ 2
0 

(G
eV

)

0

2

4

6

8

10 Data

Zq (B=0.1%)→t

tt

ZtW, ttt

tbZ

WW, WZ, ZZ

 = 8 TeVsCMS, 
-1 = 19.7 fbintL

 (GeV)Zjm
100 150 200 250 300 350

 (
G

eV
)

W
b

m
100

150

200

250

300

350
 = 8 TeVsCMS, 

-1 = 19.7 fbintL

g

g

Z

q

W

b̄
t̄

t

12 / 24

• Search[1] for tt̄ →WbZq
◦ Z → `+`−, W → `ν
◦ Counting experiment in 2D mass window
◦ Observed limit:
B(t → qZ) < 5 · 10−4 (7+8 TeV)

[1] Phys. Rev. Lett. 112 (2014) 171802

http://inspirehep.net/record/1269437
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• The tgq vertex is studied in single-top production
◦ t → gq decays would be too hard to identify in

hadronic environment

• Most stringent limits are from ATLAS[1]

◦ Signature: gq → t → b`ν
◦ FCNC signal extracted with NN
• Similar kinematics for tgu and tgc

◦ Results (observed):
B(t → ug) < 3.1 · 10−5

B(t → cg) < 1.6 · 10−4

[1] ATLAS CONF-2013-063

http://inspirehep.net/record/1260943
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• The tgq vertex is studied in single-top production
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hadronic environment

• Most stringent limits are from ATLAS[1]

◦ Signature: gq → t → b`ν
◦ FCNC signal extracted with NN
• Similar kinematics for tgu and tgc

◦ Results (observed):
B(t → ug) < 3.1 · 10−5

B(t → cg) < 1.6 · 10−4

[1] ATLAS CONF-2013-063

http://inspirehep.net/record/1260943


FCNC tγq

u, c

g

t

γ

)γ q→BR(t 
-510 -410 -310 -210 -110 1

 q
Z

)
→

B
R

(t
 

-510

-410

-310

-210

-110

1
CMS Preliminary

CDF

D0

DELPHI

ATLAS

CMS

(q=u) (q=c)

Preliminary
     CMS

ZEUS

H1

EXCLUDED REGION
           95% C.L

=172.5 GeVtm

=175 GeV
t

(q=u), m

=175 GeV
t

(q=u), m

=175 GeVtm

=175 GeVtm

=172.5 GeVtm

=172.5 GeVtm

=175 GeVtm

Graph

14 / 24

• Studied[1] in single-top production
◦ Focus on t → bµν decays only
◦ Signal events identified with BDT
• Separate BDTs trained for tγu and tγc signals

◦ Observed upper limits:
B(t → uγ) < 1.6 · 10−4

B(t → cγ) < 1.8 · 10−3

[1] CMS PAS TOP-14-003

http://inspirehep.net/record/1295119


FCNC tHq in tt̄ → WbHc

14 8 Summary

Table 6: The ten most sensitive search channels for t → ch, along with the number of ob-
served (Obs.), expected SM background (Exp.), and expected signal (Sig.) events (assuming
B(t → ch) = 1%). The three-lepton channels are taken from Ref. [8], have HT < 200 GeV and
do not contain a τh. The stated uncertainties contain both systematic and statistical compo-
nents.

Channel Emiss
T (GeV) Nb Obs. Exp. Sig.

γγ�

(50, 100) ≥1 1 2.3 ± 1.2 2.88 ± 0.39
(30, 50) ≥1 2 1.1 ± 0.6 2.16 ± 0.30
(0, 30) ≥1 2 2.1 ± 1.1 1.76 ± 0.24

(50, 100) 0 7 9.5 ± 4.4 2.22 ± 0.31
(100, ∞) ≥1 0 0.5 ± 0.4 0.92 ± 0.14
(100, ∞) 0 1 2.2 ± 1.0 0.94 ± 0.17

���

(OSSF1, below-Z)
(50, 100) ≥1 48 48 ± 23 9.5 ± 2.3

(0, 50) ≥1 34 42 ± 11 5.9 ± 1.2
���

(OSSF0)
(50, 100) ≥1 29 26 ± 13 5.9 ± 1.3

(0, 50) ≥1 29 23 ± 10 4.3 ± 1.1

Table 7: Comparison of the observed and expected 95% CL limits on B(t → ch) from individual
Higgs boson decay modes along with the 68% CL uncertainty ranges.

Higgs boson decay mode Upper limits on B(t → ch)
Obs. Exp. 68% CL range

B(h → WW∗) =23.1% 1.58% 1.57% (1.02–2.22)%
B(h → ττ) =6.15% 7.01% 4.99% (3.53–7.74)%
B(h → ZZ∗) =2.89% 5.31% 4.11% (2.85–6.45)%
Combined multileptons (WW∗, ττ, ZZ∗) 1.28% 1.17% (0.85–1.73)%
B(h → γγ) =0.23% 0.69% 0.81% (0.60–1.17)%

Combined multileptons + diphotons 0.56% 0.65% (0.46–0.94)%

significant deviation from the SM expectations and place 95% CL cross section upper limits of
approximately 7 pb on σB for H → hh and 2 pb for A → Zh. We further interpret these limits
in the context of Type I and Type II 2HDMs, presenting exclusion contours in the tan β versus
cos(β − α) plane.

Using diphoton and multilepton search channels that are sensitive to the decay t → ch, we
place an upper limit of 0.56% on B(t → ch), where the expected limit is 0.65%. This is a
significant improvement over the earlier limit of 1.3% from the multilepton search alone [8].
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Ten most sensitive categories

Signal expectations are for B(t → cH) = 1%

19.5 fb−1

(8 TeV)

Further categorised by number
of OSSF pairs, relation to mZ ,
presence of b-tagged jets, 6ET ⇒
∼ 170 categories in total
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• Re-interpretation of a search[1] for heavy (pseudo)scalar in 2HDM
◦ Multichannel counting experiment
◦ Multilepton channel: 2` 1`3, 3` 1`3

` = e, µ and `3 = e, µ, τhad

◦ Diphoton channel: 2γ `3, 2γ ``3

120 < mγγ < 130 GeV

◦ Observed limit: B(t → cH) < 5.6 · 10−3

[1] Phys. Rev. D90 (2014) 112013

http://inspirehep.net/record/1321537


Overview of results from Tevatron and LHC

Exp.
√

s B(t → uγ) B(t → cγ) Reference

CDF 1.96 TeV 3.2 · 10−2 PRL 80 (1998) 2525

CMS 8 TeV 1.6 · 10−4 1.8 · 10−3 TOP-14-003

B(t → uZ) B(t → cZ)

CDF 1.96 TeV 3.7 · 10−2 PRL 101 (2008) 192002

DØ 1.96 TeV 3.2 · 10−2 PLB 701 (2011) 313

ATLAS 7 TeV 7.3 · 10−3 JHEP 09 (2012) 139

CMS 7 TeV 5.1 · 10−3 1.1 · 10−1 TOP-12-021

CMS 7+8 TeV 5 · 10−4 PRL 112 (2014) 171802

B(t → ug) B(t → cg)
CDF 1.96 TeV 3.9 · 10−4 5.7 · 10−3 PRL 102 (2009) 151801

DØ 1.96 TeV 2.0 · 10−4 3.9 · 10−3 PLB 693 (2010) 81

ATLAS 7 TeV 5.7 · 10−5 2.7 · 10−4 PLB 712 (2012) 351

ATLAS 8 TeV 3.1 · 10−5 1.6 · 10−4 CONF-2013-063

CMS 7 TeV 3.6 · 10−4 3.4 · 10−3 TOP-14-007

B(t → uH) B(t → cH)

ATLAS 7+8 TeV 7.9 · 10−3 JHEP 06 (2014) 008

CMS 8 TeV — 5.6 · 10−3 PRD 90 (2014) 112013

CMS 8 TeV — 9.3 · 10−3 TOP-13-017

• Getting closer to some BSM models
◦ E. g. in flavour-violating 2HDM one can expect[1]

branching ratios

B(t → cg) ∼ 10−4, B(t → cH) ∼ 10−3

[1] Aguilar-Saavedra, Acta Phys. Polon. B35 (2004) 2695 and refs. therein
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W -boson-helicity fractions
in top-quark decays
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W -boson helicity in top decays

• Top quark is special: it decays before the hadronisation
◦ Its decay products thus retain information about Wtb vertex
◦ Of particular interest are W -boson-helicity fractions

• Experimentally, the helicity fractions can be
deduced from distribution in cos θ∗

1

Γ

dΓ

d cos θ∗
=

3

8
FL (1− cos θ∗)2 +

3

4
F0 sin2 θ∗ +

3

8
FR (1 + cos θ∗)2

,

where FL + F0 + FR = 1
◦ For decays t → had the d-type quark is not known, but can still extract

limited information from | cos θ∗had|
• SM values for helicity fractions[1]:

F0 = 0.687(5), FL = 0.311(5), FR = 0.0017(1)

W

b

`ν q1q2

θ∗θ∗1
θ∗2

| cos θ∗1 | = | cos θ∗2 | =
| cos θ∗had|

W rest frame
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[1] Czarnecki, Korner, Piclum, Phys. Rev. D81 (2010) 111503

https://inspirehep.net/record/855593
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• Experimentally, the helicity fractions can be
deduced from distribution in cos θ∗
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◦ For decays t → had the d-type quark is not known, but can still extract
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• SM values for helicity fractions[1]:
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Tevatron results
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• Long line of ever-improving measurements from Tevatron

◦ Latest DØ measurement[1]:
• tt̄ → `+ jets, ``+ jets
• Select tt̄ events using likelihood discriminator
• Fit both cos θ∗ and | cos θ∗had|
• Results: F0 = 0.67± 0.10, FR = 0.02± 0.05

◦ CDF studies (updated in 2013):

• MEM in the tt̄ → `+ jets channel[2]

• Matrix element parameterised with cos θ∗, F0,L,R

• Fit to cos θ∗ in the dilepton channel[3]

• Two channels are combined[3]. Results:
F0 = 0.84± 0.10, FR = −0.16± 0.06

[1] Phys. Rev. D83 (2011) 032009

[2] Phys. Rev. D87 (2013) 031104
[3] Phys. Lett. B722 (2013) 48
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LHC results in tt̄
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• ATLAS measurement[1] at 7 TeV:
◦ tt̄ → `+ jets, ``+ jets
◦ Fit cos θ∗ (only t → b`ν decays)
◦ Unfold distr. in cos θ∗ and find

asymmetries cos θ∗ ≷ ±
(

3
√

4− 1
)

◦ Combined results:
F0 = 0.67± 0.07, FR = 0.01± 0.05

• CMS published measurements at 7[2,3] and 8 TeV[4]

◦ tt̄ → `+ jets (7 and 8 TeV), ``+ jets (7 TeV only)
◦ Fit distribution in cos θ∗

• In `+ jets at 7 TeV also utilise | cos θ∗had| but only
when fixing FR = 0 in the fit

◦ Results:
7 TeV: F0 = 0.68± 0.04, FR = 0.008± 0.018
8 TeV: F0 = 0.66± 0.03, FR = −0.009± 0.021

F0 = 0.70± 0.08, FR = 0.01± 0.05

[1] JHEP 06 (2012) 088

[2] JHEP 10 (2013) 167

[3] CMS PAS TOP-12-015

[4] CMS PAS TOP-13-008
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W helicity in single-top signature
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• Measurement[1] in single-top signature
◦ Selection optimised for t-channel single top
• Orthogonal to the tt̄ analyses
• Utilise both t and tt̄ events for the measurement

◦ Fit distribution in cos θ∗

◦ Results are competitive with tt̄:
F0 = 0.72± 0.05, FR = −0.018± 0.022

[1] JHEP 01 (2015) 053

https://inspirehep.net/record/1320561


Overview of results on W -boson helicities
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Summary and conclusions

• Many excellent results delivered by Tevatron and LHC experiments
◦ Cross section of tt̄H measured with a precision of ∼ 40% (∼ 100% w. r. t.

the SM expectation)
◦ FCNC limits are getting close to some BSM expectations (FV 2HDM)
◦ Longitudinal W -boson helicity fraction F0 measured with a 2.3% precision.

(Absolute) uncertainty on FR has reached 0.02

• No deviations from the standard model found so far

• Expect significant improvements from LHC Run II
◦ Especially, in Higgs boson properties and FCNC
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Cross sections

tt̄ tt̄H tHq, SM tHq, κt = −1

pp̄, 1.96 TeV 7.2± 0.2 pb ∼ 4.9 fb†

pp, 7 TeV 172+6
−8 pb 86+8

−11 fb

pp, 8 TeV 246+9
−11 pb 129+12

−16 fb 18.3± 0.4 fb 234+5
−0 fb

pp, 14 TeV 950+30
−40 pb 610+70

−80 fb 88.2+1.7
−0.0 fb 980+30

−0 fb

Czakon, Fiedler, Mitov, Phys. Rev. Lett. 110 (2013) 252004
Beenakker et al., Nucl. Phys. B653 (2003) 151–203
LHC Higgs cross section working group, arXiv:1101.0593, 8 TeV webpage
Farina et al., JHEP 05 (2013) 022
†mH = 120 GeV; everywhere else mH = 125 GeV

26 / 24

https://inspirehep.net/record/1225282
https://inspirehep.net/record/602840
https://inspirehep.net/record/883176
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
https://inspirehep.net/record/1202876


Upper limits in tt̄H searches

)2Higgs boson mass (GeV/c
100 105 110 115 120 125 130 135 140 145 150

9
5

%
 C

.L
. 

li
m

it
/S

M

1

10

Median expected

Observed

σ 1 ±Median expected 

σ 2 ±Median expected 

Standard model

CDF, H → bb̄

=125 GeV
H

 at m
SM

σ/σ95% CL limit on 

0 2 4 6 8 10 12

Combination

Lepton+jets

Dilepton
ATLAS

)bb→H (Htt

1=8 TeV, 20.3 fbs

σ 1±Expected 

σ 2±Expected 

Observed

=1)µInjected signal (

A
T

L
A

S
,
H
→

b
b̄

 = 125 GeVH at m
SM

σ/σ = µ95% CL limit on 
1 10

Combined

DL

SL

σ 1±Expected 
σ 2±Expected 

Expected (sig. inj.)
Observed

 (8 TeV)-119.5 fb

CMS

C
M

S
,
H
→

b
b̄

w
/

M
E

M

27 / 24



Upper limits in tt̄H searches
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ATLAS tt̄H , H → bb̄ search

Simulation ATLAS
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Systematics in combined CMS tt̄H search

Combined search in the bb̄, γγ, and multileptonic decay channels.
Prior uncertainties, effects on rates only (i. e. not impacts on µ or limits)

J
H
E
P
0
9
(
2
0
1
4
)
0
8
7

Rate uncertainty

Source Signal Backgrounds Shape

Experimental

Integrated luminosity 2.2–2.6% 2.2–2.6% No

Jet energy scale 0.0–8.4% 0.1–11.5% Yes

CSV b-tagging 0.9–21.7% 3.0–29.0% Yes

Lepton reco. and ID 0.3–14.0% 1.4–14.0% No

Lepton misidentification rate (H → leptons) — 35.1–45.7% Yes

Tau reco. and ID (H → hadrons) 11.3–14.3% 24.1–28.8% Yes

Photon reco. and ID (H → photons) 1.6–3.2% — Yes

MC statistics — 0.2–7.0% Yes

Theoretical

NLO scales and PDF 9.7–14.8% 3.4–14.7% No

MC modeling 2.3–5.1% 0.9–16.8% Yes

Top quark pT — 1.4–6.9% Yes

Additional hf uncertainty (H → hadrons) — 50% No

H contamination (H → photons) 36.7–41.2% No

WZ (ZZ) uncertainty (H → leptons) — 22% (19%) No

Table 7. Summary of systematic uncertainties. Each row in the table summarizes a category

of systematic uncertainties from a common source or set of related sources. In the statistical

implementation, most of these uncertainties are treated via multiple nuisance parameters. The

table summarizes the impact of these uncertainties both in terms of the overall effect on signal and

background rates, as well as on the shapes of the signal and background distributions. The rate

columns show a range of uncertainties, since the size of the rate effect varies both with the analysis

channel as well as the specific event selection category within a channel. The uncertainties quoted

here are a priori uncertainties; that is they are calculated prior to fitting the data, which leads to

a reduction in the impact of the uncertainties as the data helps to constrain them.

tainty is assessed separately for different pT, η and b-tagged jet multiplicity bins for each

flavor. The overall uncertainty amounts to about 40%, which is applied using linear and

quadratic deformations of the pT- and η-dependent misidentification rate.

The uncertainties in the τh identification consist of electron and jet misidentification

rates, as well as the uncertainty in the τh identification itself. The last is applied to the

generator-level matched τh, and estimated to be 6% per object, using a tag-and-probe

technique with a Z → ττ → µτh process. The jet misidentification rate uncertainty is de-

termined to be 20% by comparing τh misidentification rates in data and simulated W+jets

events, where the W boson decays to µν. Likewise, the electron misidentification rate

uncertainty is found to be 5% from Z → ee events using a tag-and-probe technique. The

τh energy scale systematics are obtained from studies involving Z → ττ [65].

– 33 –
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ATLAS and CMS combinations

No BSM particles are allowed in loop-induced higgs couplings or higgs decays

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

(95%CL) |κμ | < 2.28

κτ ∈ [−1.22, −0.80]

∪[0.80, 1.22]

κb ∈ [−0.90, −0.33]

∪[0.28, 0.96]

κ� = 0.94 ± 0.21

κZ ∈ [−1.06, −0.82]

∪[0.84, 1.12]

κW = 0.91 ± 0.14

Parameter value

ATLAS Preliminary
√s = 7 TeV, 4.5 − 4.7 fb

−1 √s = 8 TeV, 20.3 fb
−1

mH = 125.36 GeV

68% CL:

95% CL:

BR i.,u. = 0

Parameter value
0 0.5 1 1.5 2 2.5

 < 1.87µκ

- 0.18
+0.19 = 0.84τκ

- 0.29
+0.33 = 0.74bκ

- 0.15
+0.19 = 0.81tκ

- 0.16
+0.16 = 1.05Zκ

- 0.13
+0.14 = 0.95Wκ

68% CL

95% CL
CMS

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL

95% CL

κt is largely constrained from gg → H
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ATLAS and CMS combinations

Allow loop-induced higgs couplings to depart from SM values

2− 1− 0 1 2 3

ΓSM
H

ΓH

BR i.,u.

κZγ

κ�

κγ

κμ

κτ

κb

κ�

κZ

κW

Parameter value

ATLAS Preliminary
√s = 7 TeV,4.5 − 4.7 fb

−1 √s = 8 TeV,20.3 fb
−1

mH = 125.36 GeV

68% CL:
95% CL:

κV < 1 BRi. ,u. = 0κon = κof f

Parameter value
0 0.5 1 1.5 2 2.5

- 0.16
+0.17 = 0.98γκ

- 0.13
+0.15 = 0.75gκ

- 0.32
+0.34 = 1.60tκ

- 0.18
+0.18 = 0.82τκ

- 0.29
+0.28 = 0.64bκ

- 0.15
+0.14 = 0.96Vκ

68% CL

95% CL
CMS

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL

95% CL

CMS assume ΓBSM = 0 and κX > 0.
In ATLAS plot ΓBSM = 0 is shown
with green markers
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ATLAS constraints on κt
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Predicted FCNC branching ratios

Updated expectations (still w/o indirect contraints from LHC though):

20 Top quark working group report

Table 1-7. SM and new physics model predictions for branching ratios of top FCNC decays. The SM
predictions are taken from [119], on 2HDM with flavor violating Yukawa couplings [119, 120] (2HDM (FV)
column), the 2HDM flavor conserving (FC) case from [121], the MSSM with 1TeV squarks and gluinos
from [122], the MSSM for the R-parity violating case from [123, 124], and warped extra dimensions (RS)
from [125, 126] .

Process SM 2HDM(FV) 2HDM(FC) MSSM RPV RS

t ! Zu 7 ⇥ 10�17 – –  10�7  10�6 –

t ! Zc 1 ⇥ 10�14  10�6  10�10  10�7  10�6  10�5

t ! gu 4 ⇥ 10�14 – –  10�7  10�6 –

t ! gc 5 ⇥ 10�12  10�4  10�8  10�7  10�6  10�10

t ! �u 4 ⇥ 10�16 – –  10�8  10�9 –

t ! �c 5 ⇥ 10�14  10�7  10�9  10�8  10�9  10�9

t ! hu 2 ⇥ 10�17 6 ⇥ 10�6 –  10�5  10�9 –

t ! hc 3 ⇥ 10�15 2 ⇥ 10�3  10�5  10�5  10�9  10�4

1.5.2.1 SM top FCNCs

SM contributions to top FCNCs are necessarily small, suppressed by both the GIM mechanism and by the
large total width of the top quark due to the dominant mode t ! bW [127, 128]. This essentially guarantees
that any measurable branching ratio for top FCNC decays is an indication of new physics. The values
in Table 1-7 are from the updated numerical evaluation in reference [119]. Note that the results are very
sensitive to the value of mb, since they scale as mb(mt)

4. The di↵erence between decays involving u quark
and c quarks arises from the relative factor |Vub/Vcb|2.

1.5.2.2 BSM top FCNCs

Many models for new physics predict new contributions to top FCNCs that are orders of magnitude in excess
of SM expectations. Extended electroweak symmetry breaking sectors with two Higgs doublets (2HDM) lead
to potentially measurable FCNCs. Parametric expectations are particularly large for 2HDM with tree-level
flavor violation, for which flavor-violating couplings between Standard Model fermions and the heavy scalar
Higgs H or pseudoscalar A are typically assumed to scale with quark masses, as

p
mqmt/m2

W , in order to
remain consistent with limits on light quark FCNCs. The estimates in Table 1-7 are taken from references
[129, 120]. The flavor-violating decays arise at one loop due to the exchange of H, A, and the charged Higgs
scalar H±, with the rate that depends on both the tree-level flavor-violating couplings between fermions and
the heavy Higgs bosons and the masses of the heavy Higgs bosons themselves.

Even when tree-level flavor conservation is guaranteed in the 2HDM by discrete symmetries, the model
predicts measurable top FCNCs due to loop processes that involve the additional charged Higgs bosons. In
this case the rate for flavor-violating processes depends on the mass of the charged Higgs and the angle tan�
parameterizing the distribution of vacuum expectation values between the two Higgs doublets. In the Type-I
2HDM, the branching ratios are typically small; the most promising candidate is t ! gc ⇠ 10�8, with rates
for t ! hq several orders of magnitude smaller. In the Type-II 2HDM, the leading contribution to t ! hq is
enhanced by O(tan4 �) and may be considerable at large tan�. The most optimistic cases are presented in
Table 1-7, taken from [121] for Type I and Type II 2HDM. However, given that Higgs coupling measurements

Community Planning Study: Snowmass 2013

Snowmass 2013 Top-quark working group report
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Systematics in CMS FCNC tZq search

Prior uncertainties, effects on signal acceptance only (not impacts on limits)

from MC simulation. The background estimations from
data are used for the final results.
To calculate the expected upper limits, the systematic

uncertainties from the dilepton trigger efficiency, lepton
selection efficiency [28], pileup modeling [34], b-jet
tagging efficiency [33], jet energy scale and missing
transverse energy resolution [35] are included, with the
b-jet tagging efficiency being the dominant one for the
background estimation. Additionally, several sources of
uncertainties in the signal yield are evaluated: the choice of
PDFs, generator parameters, and uncertainty in the tt̄ cross
section. The major contributions come from the PDFs
and the generator parameters of the signal MC simulation.
The prescription given in Ref. [36] is used to determine the
uncertainty from the CTEQ66 PDF error sets [37]. The
uncertainty from the generator parametrization is evaluated
using CMS fast simulation [38] samples with different top-
quark mass assumptions (!2 GeV), different parton-jet
matching thresholds (30 GeV and 60 GeV), and different
event renormalization and factorization scales (varied
between 1=4 and 4× from their nominal value). In addition,
there is a 2.6% uncertainty on the luminosity measurement
[39]. All these sources, summarized in Table III, are
combined in quadrature to give a 20% relative uncertainty
in the signal selection acceptance. The systematic uncer-
tainties in the background estimation are listed with the
total background prediction given in Table II.
After applying all the criteria and adding all four

channels, 3.1! 1.1 events are expected from SM back-
ground processes and 1 event is observed in data. A 95%
C.L. upper limit on the branching fraction of the t → Zq
decay is determined using the modified frequentist
approach (CLs method [40,41]). A summary of the
observed and predicted yields and limits is presented in
Tables II and IV. The observed and expected 95% C.L.

upper limits on the branching fraction Bðt → ZqÞ are
0.06% and 0.10%, respectively.
These results are combined with the statistically inde-

pendent results of our previous search [16]. The systematic
uncertainties on the signal efficiency estimation and the
luminosity measurements are taken as fully correlated.
Since the background estimations are based on independent
samples, their systematic uncertainties are treated as
uncorrelated, except for the uncertainties on the top mass
selection requirement due to the choice of PDF, which are
also taken as fully correlated. The combination with the
7 TeV b-tag analysis [16] gives a slightly lower expected
limit and hence is chosen as the reference result. The
observed upper limit on Bðt → ZqÞ is 0.05%, with a
median expectation of 0.09%, and with 1σ and 2σ ranges
which are 0.06–0.13% and 0.05–0.18%, respectively. The
derived limits and their uncertainties are shown in Table IV.
In summary, a search for FCNC events in top-quark

decays in tt̄ events produced in proton-proton collisions atffiffiffi
s

p
¼ 8 TeV is presented. A sample of events with three

leptons (e or μ) in the final state and compatible with
leptonic decays of a Z and Wb boson is selected from data
recorded with the CMS detector and corresponding to an
integrated luminosity of 19.7 fb−1. No excess of events
above the background is observed. Combining this result
with a previous search corresponding to an integrated
luminosity of 5.0 fb−1 t

ffiffiffi
s

p
¼ 7 TeV, excludes a t → Zq

TABLE II. Expected number of signal t → Zq events, back-
ground composition, and observed events corresponding to
an integrated luminosity of 19.7 fb−1 for all dilepton channels;
background estimates included. The uncertainties in the
background estimation include the statistical and systematic
components shown separately, in that order.

Process Estimation from data MC prediction

t → Zq (B ¼ 0.1%) … 6.4! 0.1! 1.3
WZ 0.9! 0.1! 0.3
ZZ 1.4! 0.1! 0.3 < 0.1
Drell–Yan < 0.1
tt̄ 0.7þ1.1

−0.4 ! 1.2
tt̄Z 1.1! 0.1! 0.8

1.7! 0.8! 0.4
tt̄W 0.1! 0.1! 0.1
tbZ 0.3! 0.1! 0.2
Total background 3.1! 0.8! 0.8 3.2! 1.2! 1.5
Observed events 1 …

TABLE III. Summary of the systematic uncertainties for the
signal selection acceptance.

Source Uncertainty %

Renormalization/factorization scales 12
Parton distribution functions 7
tt̄ cross section 7
Parton matching threshold 6
Lepton selection 6
Trigger efficiency 5
b-tagging 5
Top-quark mass 4
Jet energy scale 4
Missing transverse energy resolution 3
Pileup modeling 3
Total 20

TABLE IV. Upper limits at a 95% C.L. for Bðt → ZqÞ, as
obtained using the 8 TeV data with an integrated luminosity of
19.7 fb−1, and from the combination with previous CMS 7 TeV
(5.0 fb−1) data.

Bðt → ZqÞ 8 TeV 7þ 8 TeV
Expected upper limit < 0.10% < 0.09%
Observed upper limit < 0.06% < 0.05%
1σ boundary 0.06–0.13% 0.06–0.13%
2σ boundary 0.05–0.20% 0.05–0.18%

PRL 112, 171802 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
2 MAY 2014

171802-4
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Systematics in ATLAS FCNC tgq search

Prior uncertainties, effects on rates only (not impacts on limits)

sets and uncertainties on b-tagging e�ciencies and mis-tagging rates. Table 4 summarizes the resulting
rate uncertainties for each considered process, while Figure 6 shows examples of shape uncertainties
corresponding to jet energy scale variations for the three most important processes.

Table 4: Uncertainties on the number of expected candidate events on each signal and background source
for the systematic variations explained in Section 5.

Systematic Signal W+jets W+HF+jets
Jet energy scale < ±1% ±13% ±3%
Jet energy resolution ±4% ±20% ±3%
b-tagging e�ciency ±5% ±1% ±1%
c-tagging e�ciency < ±1% ±3% ±20%
Mistag rate < ±1% ±26% < ±1%
Muon momentum scale < ±1% < ±1% < ±1%
Muon identification ±1% ±1% ±1%
Electron energy scale < ±1% < ±1% < ±1%
Electron identification ±1% ±1% ±1%
Missing transverse momentum < ±1% < ±1% < ±1%
PDF ±3% ±4% ±8%
W+jets modelling — < ±1% < ±1%
Cross section — 24% 55%
Systematic tt̄ single-top Z + jets
Jet energy scale ±13% ±4% ±4%
Jet energy resolution ±1% ±2% ±6%
b-tagging e�ciency ±5% ±5% ±4%
c-tagging e�ciency < ±1% < ±1% ±5%
Mistag rate < ±1% < ±1% ±3%
Muon momentum scale < ±1% < ±1% < ±1%
Muon identification ±1% ±1% ±1%
Electron energy scale < ±1% < ±1% < ±1%
Electron identification ±1% ±1% < ±1%
Missing transverse momentum < ±1% < ±1% ±3%
PDF ±4% ±2% ±5%
ISR/FSR ±3% ±5% —
Cross section 8% 10% 24%

6 Results

A Bayesian statistical analysis [65] using a binned likelihood method applied on the full neural net-
work output distribution is performed to measure or set an upper limit on the FCNC single top-quark
production cross-section.

Systematic uncertainties and their correlations among processes are included with a direct sampling
approach. For each source of uncertainty a Gaussian prior with the width of the corresponding uncer-
tainty for a given process and in case of shape uncertainties for each bin is used. The prior density for
the signal cross section is assumed to be flat. The posterior density function (pdf) is obtained by creating
a large number of samples, each drawn from the prior distributions. A separate likelihood distribution is

13
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Systematics in CMS FCNC tHq search

Prior uncertainties, effects on event yields only (not impacts on limits)

expected events from the SM. All search channels share
systematic uncertainties for luminosity, renormalization
scale, PDF, and trigger efficiency.
The observations listed in the tables generally agree with

the expectations within the uncertainties. Given the large
number of channels being investigated simultaneously,
certain deviations between observations and expected
values are to be anticipated. We discuss one such deviation
later in the context of the H search.
Figure 2 shows observations and background decom-

position for some of the most sensitive channels for the
H → hh search. The amount of signal for mH ¼ 300 GeV,
as described above in the context of Fig. 1, is also
shown. This information is also listed in Table IV.
Figure 3 and Table V show the same for the A → Zh

search for mA ¼ 300 GeV, assuming the same cross
section and BðA → ZhÞ ¼ 1.
The leptonþ diphoton results are summarized in

Tables VI and VII. The observations agree with the
expectations within the uncertainties.
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FIG. 1 (color online). (Top panel) Diphoton invariant mass
distribution for γγτh events with Emiss

T < 30 GeV with an
exponential fit derived from the 100–120 and 130–200 GeV
sidebands regions. (Bottom panel) The same distribution for the
γγl events with Emiss

T in 30–50 GeV range with an exponential fit
(blue curve) where the exponent is fixed to the value obtained
from the fit shown in the top figure. Also shown for comparison
purposes is an actual fit (magenta curve) to the shown data
distribution. An example signal distribution (in red), assuming
σBðpp → H → hhÞ to be equal to three times 3.59 pb, as
described in the text, shows that the signal is well contained
in the 120–130 GeV window.

TABLE III. A compilation of significant sources of systematic
uncertainties in the event yield estimation. Note that a given
uncertainty may pertain only to specific sources of background.
The listed values are representative and the impact of an
uncertainty varies from search channel to channel.

Source of uncertainty Magnitude (%)

Luminosity 2.6
PDF 10
Emiss
T ð> 50 GeVÞ resolution correction 4

Jet energy scale 0.5
b-tag scale factor (tt̄) 6
eðμÞ ID/isolation (at pT ¼ 30 GeV) 0.6 (0.2)
Trigger efficiency 5
tt̄ misidentification 50
tt̄; WZ; ZZ cross sections 10, 15, 15
τh misidentification 30
Diphoton background 50
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FIG. 2 (color online). The Emiss
T distributions for four-lepton

events with an off-Z OSSF1 dilepton pair, no b-tagged jet, no τh
(top panel), and one τh (bottom panel). These nonresonant (off-Z)
channels are sensitive to the H → hh signal which is shown
stacked on top of the background distributions, assuming
σBðpp → H → hhÞ ¼ 3.59 pb, as described in the text.
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W helicities from asymmetries in ATLAS

• Utilise asymmetries

A± =
N(cos θ∗ > z∓)− N(cos θ∗ < z∓)

N(cos θ∗ > z∓) + N(cos θ∗ < z∓)
, z∓ = ∓

(
3
√

4− 1
)

◦ They relate[1] to W -helicity fractions allowing to extract FL,R,0 easily:
A+ = 3β (F0 + (1 + β)FR) , β = 3

√
2− 1,

A− = 3β (F0 + (1 + β)FL) ,

FR + FL + F0 = 1

◦ Despite the simplicity, the asymmetries are quite sensitive to VR , gL, gR
couplings[1]
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[1] Aguilar–Saavedra et al., Eur. Phys. J. C50 (2007) 519–533

https://inspirehep.net/record/717046


Signal modelling in CMS W -helicity measurements

• In all CMS analyses signal is modelled by reweighting SM sample(s)
◦ Probability density for a single decaying top quark:

ρ (cos θ∗;F) =
3

8
FL (1− cos θ∗)2

+
3

4
F0 sin2 θ∗ +

3

8
FR (1 + cos θ∗)2

,

where F ≡ {FL,F0,FR} are the helicity fractions and cos θ∗ is calculated at
the generator level

◦ Event weight for a target configuration F is calculated as

w (F) =
∏
i

ρ (cos θ∗i ;F)

ρ (cos θ∗i ;FSM)
,

where the product is taken over all top quarks in the event
◦ (Two) components of F are used directly in the fit to reconstructed cos θ∗

as the parameters of interest

• In ATLAS, CDF, and DØ measurements the signal was modelled as a
mixture of three templates
◦ Correspond to FL, F0, or FR = 1, the other two fractions are set to zero
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Systematics in ATLAS W -helicity measurement
J
H
E
P
0
6
(
2
0
1
2
)
0
8
8

Source Uncertainties

F0 FL FR

Signal and background modelling

Generator choice 0.012 0.009 0.004

ISR/FSR 0.015 0.008 0.007

PDF 0.011 0.006 0.006

Top quark mass 0.016 0.009 0.008

Misidentified leptons 0.020 0.013 0.007

W+jets 0.016 0.008 0.008

Other backgrounds 0.006 0.003 0.003

Method-specific uncertainties 0.031 0.016 0.035

Detector modelling

Lepton reconstruction 0.013 0.006 0.007

Jet energy scale 0.026 0.014 0.012

Jet reconstruction 0.012 0.005 0.007

b-tagging 0.007 0.003 0.004

Calorimeter readout 0.009 0.005 0.004

Luminosity and pileup 0.009 0.004 0.005

Total systematic uncertainty 0.06 0.03 0.04

Table 3. Sources of systematic uncertainty and their impact on the measured W boson helicity

fractions for the combined single-lepton and dilepton channels. The systematic uncertainties were

symmetrized by using the larger uncertainty.

The uncertainties on the momenta of electrons, muons and jets were propagated into

the missing transverse momentum. A 10% uncertainty from pileup was added in addition.

The b-tagging efficiencies and mis-tag rates have been measured in data [42]. Jet pT-

dependent scale factors, applied to simulation to match the data, have uncertainties which

range from 9% to 16% and 12% to 45%, respectively.

The uncertainty on the measured luminosity was estimated to be 3.7% [15].

Due to a hardware failure, a small, rectangular region of the ATLAS electromagnetic

calorimeter could not be read out in a subset of the data (0.87 fb−1). Data and Monte

Carlo events in which a jet or an electron were close to the affected calorimeter region

were rejected. The systematic uncertainty labelled “calorimeter readout” in table 3 was

evaluated by varying the criteria to reject these events.

– 14 –
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CMS W -helicity measurement in ` + jets, 7 TeV

J
H
E
P
1
0
(
2
0
1
3
)
1
6
7

µ+jets (cos ✓⇤) e+jets (cos ✓⇤) `+jets (cos ✓⇤)

Systematic 3D fit 2D fit 3D fit 2D fit 3D fit 2D fit

Uncertainties ± �F0 ± �FL ± �F0 ± �F0 ± �FL ± �F0 ± �F0 ± �FL ± �F0

JES 0.005 0.003 0.001 0.006 0.002 0.003 0.006 0.003 0.001

JER 0.009 0.005 0.001 0.014 0.009 0.003 0.011 0.007 0.001

Lepton e↵. 0.001 0.001 0.001 0.009 0.012 0.015 0.001 0.002 0.002

b-tag e↵. 0.001 0.001 < 10�3 < 10�3 < 10�3 0.001 0.001 < 10�3 < 10�3

Pileup 0.013 0.011 0.008 0.008 0.007 0.005 0.002 < 10�3 0.008

Single-t bkg. 0.004 < 10�3 0.003 0.004 < 10�3 0.004 0.004 0.001 0.003

W+jets bkg. 0.019 0.007 0.006 0.009 0.006 0.022 0.013 0.004 0.006

DY+jets bkg. 0.002 0.001 0.001 0.001 < 10�3 0.001 0.001 < 10�3 0.001

MC statistics 0.016 0.012 0.009 0.019 0.015 0.012 0.016 0.012 0.010

Top-quark mass 0.011 0.008 0.007 0.025 0.018 0.014 0.016 0.011 0.019

tt scales 0.013 0.009 0.007 0.015 0.018 0.030 0.009 0.009 0.011

tt match. scale 0.004 0.001 0.006 0.010 0.013 0.016 0.011 0.010 0.008

PDF 0.002 0.001 0.003 0.004 0.002 0.002 0.002 < 10�3 0.003

Table 2. Summary of the systematic uncertainties for the analysis using only the leptonic branch

of the event, for the 3D fit, fitting F0, FL, and Ftt (columns 2–3 for muon+jets analysis, 5–6 for

electron+jets analysis, and 8–9 for the combination of both decay modes); and the 2D fit, fitting

F0 and Ftt only (column 4 for muon+jets analysis, 7 for electron+jets analysis, and 10 for the

combination of both decay modes). The numbers given correspond to the absolute uncertainty

with respect to the central analysis: �F = (F central � F check).

Table 5 presents various combinations of the results presented in table 4. Firstly, the

muon+jets and electron+jets channels are combined using the leptonic branch measure-

ments from the 3D fits. The �2 per degree of freedom for that combination is 0.109/2,

corresponding to a �2-probability of 94.7%. Secondly, the 2D fit measurements of the F0

helicity fraction from the leptonic (cos ✓⇤) and hadronic (coshad ✓⇤) branches are combined,

separately for each decay channel. While the leptonic branch dominates with a weight of

about 90%, the total uncertainty of the combination nevertheless decreases. Finally, the

most precise measurement of F0 is obtained by subsequently combining the 2D fit mea-

surements across the muon+jets and electron+jets channels, following the combination of

the 2D fit measurements from the leptonic and hadronic branches.

Summaries of all measurements and their various combinations are presented in fig-

ures 4 and 5 for the 3D and 2D types of fits, respectively. All measurements are compatible

with each other, and also compatible with the expectations from the SM [6].

11 Limits on anomalous couplings

The measured helicity fractions can be used to set limits on anomalous Wtb couplings.

We assume the minimal parametrisation of the Wtb vertex suggested in refs. [7, 8, 41]

and as described in the introduction. We consider two specific scenarios. First, we assume

VL = 1, VR = gL = 0 and leave Re(gR) as a free parameter. This CP-conserving scenario

– 18 –
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CMS W -helicity measurement in ` + jets, 7 TeV
J
H
E
P
1
0
(
2
0
1
3
)
1
6
7

µ+jets (|coshad ✓⇤|) e+jets (|coshad ✓⇤|) `+jets (|coshad ✓⇤|)
Systematic 2D fit 2D fit 2D fit

Uncertainties ± �F0 ± �F0 ± �F0

JES 0.010 0.008 0.002

JER 0.042 0.032 0.038

Lepton e↵. 0.002 0.002 0.001

b-tag e↵. 0.003 < 10�3 0.002

Pileup 0.018 0.006 0.015

Single-t bkg. 0.005 0.007 0.006

W+jets bkg. 0.060 0.050 0.040

DY+jets bkg. 0.002 0.005 0.002

MC statistics 0.023 0.028 0.025

Top-quark mass 0.008 0.041 0.014

tt scales 0.022 0.033 0.027

tt match. scale 0.002 0.035 0.013

PDF 0.013 0.014 0.014

Table 3. Systematic uncertainties for the 2D fits using the hadronic branch of the tt system,

and for the muon channel, electron channel, as well as the combination of both decay channels.

The numbers given correspond to the absolute uncertainty with respect to the central analysis:

�F = (F central � F check).

Leptonic branch: cos ✓⇤

Fit Channel F0 ± (stat.) ± (syst.) FL ± (stat.) ± (syst.) FR ± (stat.) ± (syst.) ⇢stat
0L

3D µ+jets 0.674 ±0.039±0.035 0.314 ±0.028±0.022 0.012 ±0.016±0.020 �0.95

3D e+jets 0.688 ±0.045±0.042 0.310 ±0.033±0.037 0.002 ±0.017±0.023 �0.95

2D µ+jets 0.698 ±0.021±0.019 0.302 ±0.021±0.019 fixed at 0 �1

2D e+jets 0.691 ±0.025±0.047 0.309 ±0.025±0.047 fixed at 0 �1

Hadronic branch: |coshad ✓⇤|
Fit Channel F0 ± (stat.) ± (syst.) FL ± (stat.) ± (syst.) FR ± (stat.) ± (syst.) ⇢0L

2D µ+jets 0.651 ±0.060±0.084 0.349 ±0.060±0.084 fixed at 0 �1

2D e+jets 0.629 ±0.060±0.093 0.371 ±0.060±0.093 fixed at 0 �1

Table 4. Measurements of the W-boson helicity fractions from the cos ✓⇤ (leptonic branch) and

|coshad ✓⇤| (hadronic branch) distributions. The columns show the fit type, the decay channel, and

the measurement of each helicity parameter, together with the statistical and systematic uncertain-

ties. For the 3D fits, the last column presents the statistical correlation between F0 and FL, while

for the 2D fit, total anticorrelation (FL = 1 � F0) is assumed.

– 19 –

J
H
E
P
1
0
(
2
0
1
3
)
1
6
7

Fit Channel(s) Branch Fraction ± (stat.) ± (syst.) [total] ⇢total
0L

F0 0.682 ±0.030±0.033 [0.045]

3D `+jets l FL 0.310 ±0.022±0.022 [0.032] �0.95

FR 0.008 ±0.012±0.014 [0.018]

2D µ+jets l+h F0 0.694 ±0.020±0.025 [0.032]

FL 0.306 ±0.020±0.025 [0.032] �1

2D e+jets l+h F0 0.674 ±0.025±0.028 [0.037]

FL 0.326 ±0.025±0.028 [0.037] �1

2D `+jets l+h F0 0.685 ±0.017±0.021 [0.027]

FL 0.315 ±0.017±0.021 [0.027] �1

Table 5. The combined helicity fractions and their uncertainties, including the type of fit

performed, the channels (` = e, µ combination) and branches of the tt system (“l” for leptonic,

cos ✓⇤, and “h” for hadronic, |coshad ✓⇤|) used in the combination, as well as the total correlation

between F0 and FL.
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Figure 4. Summary of the W-boson helicity measurements in semileptonic decays of top-quark

pairs with 2011 data for 3D fits. The inner error bars represent the statistical uncertainties and

the outer error bars the statistical and systematic uncertainties, added in quadrature. NNLO

predictions from ref. [6] with their theoretical uncertainties are represented as hatched bands.

is particularly interesting because indirect constraints to gR from radiative B-meson decay

measurements are currently poor, Re(gR) 2 [�0.15, +0.57] [42]. A specific feature of this

scenario is that it does not provide any contribution to the right-handed helicity of the W

boson, FR. The grand combination of the longitudinal helicity fraction F0 measurements,

across both the leptonic and hadronic branches including both the muon and electron

channels, and assuming FR = 0, is reinterpreted in terms of Re(gR), yielding

Re(gR) = �0.008 ± 0.024 (stat.)+0.029
�0.030 (syst.),

– 20 –
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Limits on anomalous Wtb couplings
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• ATLAS measurement at 7 TeV[1]

◦ tt̄ → `+ jets
◦ Fiducial phase space
• Photon: pT > 20 GeV, |η| < 2.37
• Leptons (e/µ): pT > 25 GeV, |η| < 2.5
• Jets: pT > 25 GeV, |η| < 2.5

◦ Fit photon track-isolation pT

•
∑

pT of tracks within ∆R < 0.2
• Data-driven templates for prompt photons

and fakes

◦ Results:
• Observation of tt̄γ: 5.3σ
• σfid = 76± 8 (stat.) +17

−13 (syst.) ± 1 (lumi.) fb
theory prediction: 48± 10 fb

• CMS measurement at 8 TeV[2]

◦ Select tt̄ → µ+ jets events. Fit to photon charged-hadron isolation
◦ R ≡ σtt̄γ/σtt̄ =

(
1.07± 0.07 (stat.) ± 0.27 (syst.)

)
· 10−2

[1] arXiv:1502.00586, submitted to Phys. Rev. D [2] TOP-13-011

http://inspirehep.net/record/1342452
http://inspirehep.net/record/1278650

